INTRODUCTION {#sec1-1}
============

The incidence of traumatic injuries is estimated as \>500,000 new patients annually in the world.\[[@ref1]\] Traumatic spinal cord injuries (SCIs) are known to lead to severe and permanent neurologic deficit. Posttraumatic SCI can result in complete sensory and motor function loss, which is challenging for reversal of the damage, but not untreatable. In spite of the advancement of neurological science, there is no definite permanent complete recovery recorded in these patients. Many treatments have been tested in clinical trials, including the use of methylprednisolone, GM1 ganglioside, decompression, and 4-aminopyridine, all of which have only produced marginal benefits with side effects. The present standard of care for SCI is methyl prednisolone and/or decompression. However, neither of these treatments has prevented the pathological cascade triggered by SCI, and the efficacy of methyl prednisolone is questionable. Few therapeutic options such as neurotization by total and hemi-contralateral nerve root transfer are available with limited benefits.\[[@ref2]\]

Reinnervation of denervated targets can be achieved by regeneration of injured axons or by collateral branching of undamaged axons in the vicinity. Nevertheless, these mechanisms do not provide for satisfactory functional recovery, especially after severe injuries.\[[@ref1]\] At present, there is no cure or effective standard of care for SCI. Postinjury medical interventions are aimed at treatment of complications such as autonomic dysreflexia, pain, and urinary tract infections (UTIs). Regenerative approaches using growth factors and various cell therapies are particularly appealing with early clinical reports of improvement using autologous bone marrow (BM) cells, olfactory ensheathing cells, and Schwann cells.\[[@ref3]\] Stem cell (SC) therapy (SCT) is building up hope for all such disorders.\[[@ref4]\] We present our experience of co-transplantation of neuronal SCs generated from autologous adipose tissue derived mesenchymal SCs (N-Ad-MSC) and cultured BM (CBM) derived hematopoietic SCs (HSCs) in posttraumatic paraplegics. Primary endpoints of the study were safety and efficacy of SCT, and secondary endpoints were recovery in motor and sensory functions.

Spinal cord injuries background {#sec2-1}
-------------------------------

Nerve damage in SCI occurs in the majority of cases as a result of the combined effects of the initial physical injury, and subsequent inflammatory response caused in part by physical damage to the blood-brain barrier, immune cell response to injury, and local ischemia. Typical causes of injury include contusive, compressive, or stretch damage, which is associated with severing of axons at the nodes of Ranvier, leading to axon retraction. Furthermore, axons proximal to the area of injury that do not retract are known to develop abnormalities such as loss of myelination and swelling of the axonal body, resulting in loss of excitability. Demyelination is in part believed to result from the death of oligodendrocytes surrounding the axon, a process, which occurs even at 3 weeks after the initial injury. Importance of demyelination in this process is seen in experiments where remyelination induced by administration of Schwann cells has been demonstrated to elicit benefit in animal models of SCI. Mechanistically, oligodendrocyte death appears to be related to the death receptor Fas based on: (a) Pattern of expression is temporarily correlated with oligodendrocyte apoptosis in SCI models; (b) genetic inactivation of Fas results in reduced oligodendrocyte death; and (c) administration of soluble Fas has a protective effect on SCI associated demyelination. Interestingly, administration of human umbilical cord blood SCs in a rat SCI model results in therapeutic benefit, which seems to be mediated by reduction of Fas expression. Death of neurons themselves subsequent to SCI is associated with the release of glutamate and other excitotoxins such as free adenosine triphosphate. Interestingly, excitotoxicity occurs not only as a result of initial injury but has also been implicated in secondary, more long-term neuronal damage. Associated with demyelination is the exposure of potassium channels which causes accumulation of the ion intraneuronally, thus, further modifying ability to transmit electrical signals. Inhibition of fast acting potassium channel, channels using 4-aminopyridine has demonstrated some therapeutic effects in animal models of SCI, and in clinical trials. Thus, the initial injury process seems to cause: (a) Direct transection of neurons; (b) inflammatory responses that stimulate a self-perpetuating cascade of axon retraction; (c) inflammatory mediated death of oligodendrocytes; and (d) stimulation of mediators such as NOGO that prevent endogenous axonal reattachment.\[[@ref3]\]

MATERIALS AND METHODS {#sec1-2}
=====================

Aim {#sec2-2}
---

This was a prospective single arm open-labeled clinical trial conducted from December 2008 to October 2012 to test the efficacy and safety of combined N-Ad-MSC and HSC infusion in posttraumatic paraplegics approved by the Institutional Review Board. We obtained informed consent for participation in research activities in accordance with the committee\'s standards from the individual described herein.

HSC co-infusion with N-Ad-MSC was designed to augment the effect of the later. Cerebrospinal fluid (CSF) infusion was carried out below the site of injury to facilitate faster movement of the cells to injured sites across blood brain barrier without losing them in the pathway.

Inclusion and exclusion criteria {#sec2-3}
--------------------------------

Inclusion criteria were patients of any gender between 8 and 70 years of age, with posttraumatic paraplegia for ≥12 months, and confirmed with magnetic resonance imaging (MRI) of the spinal cord. Patients with positive serology for HIV/hepatitis B surface antigen/hepatitis C virus, malignancy, advanced systemic illness, active infective focus in the body, and pregnant women were excluded.

Study design {#sec2-4}
------------

### Patients {#sec3-1}

Ten paraplegics (8 males, 2 females) with mean age of 28 (range: 9--42) years and mean disease duration of 3.42 (range: 2.5--5.4) years volunteered for SCT. Site of injury was lower dorsal vertebral column in all; D6-D8 in 6, D12-L1 in 3, and L1-L2 in 1 patient. MRI of all patients was performed before starting the SCT to document the level of SCI with myelomalacic changes and to rule out the complete spinal cord transection. All patients had bowel-bladder incontinence, 7 had neurogenic pain, 6 had pressure sores, 4 had recurrent UTIs, 3 had kyphosis/scoliosis, 1 had bladder calculi, and 5 had depression. All adults had sexual dysfunction. Mean Hauser ambulation index (HAI) was 9 (normal index: 1). The HAI is scored using a 10-point scale (0--9), with 0 representing no impairment (fully active) and 9 representing confinement to a wheelchair with the inability to transfer oneself independently \[[Table 1](#T1){ref-type="table"}\]. Nerve conduction studies showed motor axonopathy in 4, upper motor neuron lesion in 2, and radiculoneuropathy in 4 patients.
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### Generation and infusion of stem cells {#sec3-2}

MSC were generated using our standard technique from 10 g adipose tissue resected from patients' own anterior abdominal wall on day 1, and sent to SC lab for culture in self-designed proliferation medium \[[Figure 1](#F1){ref-type="fig"}\] comprised of minimum essential medium with alpha modification (Sigma, USA), 20% human albumin (Reliance Life Sciences, India), basic-human fibroblast growth factor, 1% sodium pyruvate, and standard antibiotics which included penicillin-streptomycin solution (10 mg/L) (Hi-media, India), cefotaxime (1 mg/ml), and anti-fungal agent fluconazol (10 mg/ml).\[[@ref5]\] After subjecting to *in vitro* expansion for 10 days in proliferation medium without passaging, the cells were harvested by trypsinization, quantified and checked for viability and sterility. Harvested MSCs were checked for viability using trypan blue, sterility (Bactec, Franklin Lakes, NJ, USA), and cell counts in a modified Neubauer chamber. Hematoxylin and eosin stain used for morphologic analysis of MSCs, showing round to elongate or fibroblastoid, with centrally placed round nucleus with prominent nuclear margins, and surrounding fine granular eosinophilic cytoplasm under a microscope.

![Paradigm for *in vitro* generation and co-infusion of bone marrow derived hematopoietic stem cells and adipose tissue-derived mesenchymal stem cells differentiated into neuronal cells, for posttraumatic spinal cord injury](ABR-5-51-g002){#F1}

MSCs were confirmed with CD45−/CD90+/CD73+ (Beckton Dickinson, Franklin Lakes, NJ, USA) by flow-cytometric analysis \[[Figure 2](#F2){ref-type="fig"}\], which revealed negligible amount at the very 1^st^ day of culture from h-AD. Increase in the CD45−/90+/73+ population was found after culture of the MSC. Media were replenished on alternate days. Ad-MSC were further subjected to differentiation into N-Ad-MSC using neuronal differentiation medium for 4 days, comprising neurobasal medium (Invitrogen, Germany), Dulbecco\'s modified Eagle\'s medium (DMEM) F-12 (Sigma, USA), nonessential amino acids (Sigma, USA), and growth factors such as epidermal growth factor (10 ng/ml) (Sigma, USA), brain-derived neurotrophic factor (BDNF) (10 ng/ml) (Sigma, USA), glial derived neurotrophic factor (10 ng/ml) (Sigma, USA), cyclic adenosine monophosphate (60 µg/ml) (Sigma, USA), L-glutamine (0.5 mM) (Sigma, USA), laminin (5 µg/ml) (Sigma, USA), and N2 and B27 serum supplements (Sigma, USA). Neuronal cells were isolated by concentration gradient separation media and then the inoculum was set ready for mixing with CBM derived HSC. Presence of neuronal markers, ß-3 tubulin, and glial fibrillary acid protein (GFAP) were confirmed by immunofluorescence (IF) studies using biotinylated mouse monoclonal IgG2A and purified sheep IgG, respectively (R and D system, USA).

![Flow cytometric analysis revealed CD45−/90+/73+ as adipose tissue-derived mesenchymal stem cells and CD34+ as hematopoietic stem cells](ABR-5-51-g003){#F2}

HSC were also generated using our standard technique and confirmed with flow cytometry as CD34+ \[[Figure 2](#F2){ref-type="fig"}\]. After stimulation with granulocyte colony-stimulating factor, 7.5 µg/kg body weight twice daily, subcutaneously for 2 days, 100 ml BM was aspirated from patients' posterior superior iliac crest under local anesthesia on day 9. The aspirated BM was subjected to *in vitro* expansion for 5 days to generate HSC under self-designed medium \[[Figure 1](#F1){ref-type="fig"}\] using DMEM with nonessential amino acids, growth factors, and antibiotics in CO~2~ incubator at 37°C with 5% CO~2~ under humid conditions. On day 14^th^, N-Ad-MSC with HSC was infused into CSF intrathecally via lumbar puncture using 23 gauge spinal needle below the site of SCI, under all aseptic and antiseptic precautions \[[Figure 1](#F1){ref-type="fig"}\].\[[@ref5]\]

### Patient monitoring {#sec3-3}

Patients were monitored closely for 24 h post SC infusion for spinal headache, giddiness, behavioral disturbances, convulsions, and hypertension, and discharged if this phase was uneventful. Broad spectrum antibiotics were given for 5 days with 3 monthly follow-up for further evaluation with reference to American Spinal Injury Association (ASIA) impairment scale and Hauser\'s Ambulation Index.\[[@ref6][@ref7]\] After discharge they were advised to continue with physiotherapy exercises for muscle strengthening. Their neurological status was determined in terms of ASIA scale, divided into five subdivision: Scale A: Complete loss of motor and sensory function; Scale B: Sensory but not motor function preserved below neurological level and includes sacral segments S4-S5; Scale C: Motor function preserved below the neurological level and \>half of the key muscles below the neurological level having muscle Grade \<3; Scale D: Motor function preserved below the neurological level, and at least half of the key muscles below the neurological level having muscle Grade ≥3; Scale E: Motor and sensory functions normal. HAI was also used to determine the disability.

RESULTS {#sec1-3}
=======

Mean quantum of CBM-HSC and N-Ad-MSC was 1.96 (range: 1--4) ml and 2.08 (range: 1.2--4) ml, respectively, with total mean quantum infusion of 4.04 (range: 2.8--7) ml. Mean nucleated cell counts were 4.5 × 10^4^/µL (range: 0.53--1.24 × 10^4^/µL) and mean N-Ad-MSC counts were 2.0 × 10^2^/µL (range: 1.5--2 × 10^2^/µL) with mean HSC CD34+, 0.35% (range: 0.17--0.85%), mean Ad-MSC, CD45−/90+ and CD45−/73+ were 41.4% (range: 21.74--65.6%) and 10.04% (range: 0.8--22.2%), respectively. CD marker evaluation for HSC and Ad-MSC were carried out using flow-cytometric analysis, and transcription factors using IF technique were checked for neuronal cells. (Note: No CD marker evaluation carried out for neuronal cells). The neuronal cells expressed transcription factors beta-3 tubulin and GFAP using IF technique \[[Figure 3](#F3){ref-type="fig"}\]. No untoward effect of SCT was noted.

![Photomicrograph of neuronal stem cells exhibiting ß-3 tubulin (×400) on left and glial fibrillary acid protein (×400) on the right, by immunofluorescence staining](ABR-5-51-g004){#F3}

Temporal course of improvement {#sec2-5}
------------------------------

Variable and sustained improvement in Hauser\'s index and ASIA score was noted in all patients over a mean follow-up of 2.95 (range: 1.2--4.0) years. The first sign of recovery was subjective crude pain sensation which is noted in all patients around the 15^th^ day of infusion in lower extremities. Crude touch sensation was achieved after 1-month, followed by fine touch sensation and deep pain sensation after 3 months up to 3--4 dermatomes below the level of injury. This was observed in 6 patients. Deep pressure sensation was regained in 3 patients at 4 dermatomes below the level of injury. This was followed by gradual improvement in motor power-up to Grade 3. By the end of 3 months of infusion, all the patients were able to stand with the support of calipers and walker. Initially, they were able to stand for 1-min and within few weeks the duration of standing improved. By the end of 4 months, 8 patients could stand comfortably for 15--20 min using the support of calipers and walker and had started walking a few steps. Along with this walking, their adductors were toned up by physiotherapy up to Grade 3. By the end of 8 months they could walk for 1--2 h approximately with support. Six out of these 8 patients also learnt taking 1--2 reverse steps and by the end of 9 months they could comfortably take a reverse walk for up to 5--8 steps. Calipers were initially up to hip joints and then by 11 months they were reduced from "above knee" to "below knee" braces. Bladder sensation was taught by catheter clamping and intermittent catheterization to test the bladder holding capacity. By the end of 6 months, urge for micturition with bladder fullness and partial control to hold urine was noted in 5 patients. Voluntary external anal sphincter tone improved by the end of 10 months in 5 patients and they perceive the sense for defecation with poor control. Over a mean follow-up of 2.95 years, variable improvement in muscle power from Grade 0 to 3 was noted in all, touch sensation regained in 60%, bladder-bowel control improved in 50%, pressure sensation regained in 30%, and Hauser\'s index improved to 7.4 (*P* = 0.004) \[[Figure 4](#F4){ref-type="fig"}\]. ASIA score improved from A to B in 6, A to C in 3, and A to D in 1 patient \[[Figure 5](#F5){ref-type="fig"}\]. Although clinical recovery was noted in muscle power and sensory system, electromyography and nerve conduction velocity studies did not show any re-innervation.

![Hauser ambulation index after stem cell therapy were compared with prestem cell therapy Hauser ambulation index](ABR-5-51-g005){#F4}

![Number of patients improved after stem cell therapy were recorded using American Spinal Injury Association scale as compared to prestem cell therapy](ABR-5-51-g006){#F5}

Safety report {#sec2-6}
-------------

No adverse events were noted during and after SCT. We did not notice the procedure related complications such as spinal headache, meningitis, local site hematoma during lumbar puncture, and fever after SCT. We also noticed that involuntary movements were also stopped in 1 patient and reduced in 3 patients, out of 5 patients suffering from the involuntary movements among the total 10 patients. Urinary tract infection episode was well controlled after SCT in all 4 patients who had recurrent UTI.

DISCUSSION {#sec1-4}
==========

SCI are usually serious since there is no established therapy for neuromuscular recovery of these patients, especially after the lapse of 1-year of injury due to the development of adhesions and fibrosis at and around the site of injury. It is also well known that natural recovery is likely only in the 1^st^ year of injury after surgical stabilization of spinal cord. Less than 1% of these patients with no muscle activity in the lower extremities 1-month after injury learn to walk again and 10% recover enough function to be reclassified as ASIA B or better.\[[@ref8][@ref9]\] The literature does not provide a single example of an individual with an ASIA Grade A SCI who recovered by more than one grade, 2 years after injury.\[[@ref10]\] Some delayed recovery occurred, but the time frame is typically between 1 and 6 months after injury for significant improvement.\[[@ref11][@ref12]\] ASIA scale grading is determined by the clinical neurologic findings and not by pathologic severity. As a result, ASIA scale grading does not completely reflect pathologic severity. It is possible that one ASIA grade could include a wide spectrum of severity. Less severely injured patients with an ASIA Grade A could, therefore, have a greater potential for improvement. In this study, all the patients underwent surgical and medical management immediately after SCI. However, none of them had recovery even in the 1^st^ year of injury allotted for the natural recovery period. Since there was no recovery in any patient, they were desperate for any other therapeutic modality available. Hence, they were offered SCT with our indigenously developed N-Ad-MSC in addition to HSC. ASIA score improved from A to B in 6, A to C in 3, and A to D in 1 patient. It is believed that this partial effect was caused by an additive or alleviating role of N-Ad-MSC and HSC rather than the innate ability of natural recovery.

Cell-based therapy can offer promising results by generation of new neurons from transplanted cells producing functional recovery, believed to be due to (a) neurons relaying ascending signals disrupted by the injury, (b) demyelinated axons are re-myelinated, and (c) paracrine activity releasing trophic factors inducing endogenous mechanisms of tissue repair and plasticity.\[[@ref13][@ref14][@ref15][@ref16]\]

Majority of HSC and MSC transplantation studies in animal models of SCI occur in the acute injury phase. However, there are a number of studies using chronic models of SCI in animals that have reported increased functional recovery following MSC transplantation 6--12 weeks after injuries were induced, which is considered chronic in these model systems.\[[@ref17][@ref18]\] Our study shows acceptable results if compared with these studies.

Ying *et al*. reported that MSCs derived from the inguinal fat of rat model, were characterized by flow-cytometry and immunophenotyped of CD45−/CD90+/CD44+ suggested that ADSCs were positive for mesenchymal stem cell markers CD90 and CD44, but negative for hematopoietic stem cell markers. Adipose tissue derived SCs (ADSCs) maintained self-renewing capacity and could differentiate into adipocytes and neurocytes under special culture condition. ADSCs have been shown to differentiate into neural-like cells *in vitro*, and have been detected by IF with neuronal markers, GFAP, and beta-3 tubulin.\[[@ref19]\] Co-expression of beta 3-tubulin with GFAP was detected in cells at all time points but in specially distinct patterns, and expressed astrocytes isolated from the cerebral hemispheres of two human fetuses at 18 to 20 weeks of gestation. The number of GFAP+ cells gradually decreased from day 1 to day 21 *in vitro*, whereas beta 3-tubulin immunoreactivity was present in 100% of cells at all time points.\[[@ref20]\]

We have been generating MSC from human adipose tissue *in vitro*, which qualify the definition standardized by the mesenchymal and tissue SC Committee of the International Society for Cellular Therapy.\[[@ref5][@ref21]\] HSC and/or MSC without neuronal differentiation have been infused in various routes, including subarachnoid space in the past for neurological injuries, however, none of the studies has shown sustained and progressive improvement in terms of recovery of motor and sensory system.\[[@ref22][@ref23]\] MSCs appear to work as neurotrophic generators to promote functional recovery via angiogenesis, neurogenesis, synaptogenesis, and axonal remodeling. Multiple trophic/growth factors secreted by MSCs may contribute enhancing neuroregeneration, including BDNFs, vascular endothelial growth factors, and fibroblast growth factors.\[[@ref24]\] Hence, we decided to embark upon this trial, which has shown satisfactory improvement although further research is required in this area for better recovery. NSC have been generated *in vitro*, from adipose tissue however, to our knowledge this is the first clinical study showing safe and effective generation of N-Ad-MSC and HSC from BM without using xenogeneic material and infusing them in CSF leading to significant recovery. For the added benefit of HSCs, both HSC and N-Ad-MSC were used simultaneously. HSC helps in regeneration, revascularization, and engraftment of neuronal cells derived from the Ad-MSC. HSC co-infusion with N-Ad-MSC was designed to augment the effect of the later.

The other advantage of this therapeutic approach is avoiding the risk of anesthesia and surgery and yet giving added benefits of recovery. We believe that combined N-Ad-MSC and HSC infusion in CSF will open the gateway to therapy of all neuronal disorders, which have otherwise dismal prognosis.

There were some limitations of this study. Complete double-blind case--control studies were not possible. Patients came to our center with their MRI images and reports for SCT. This helped us to document the level of SCI with myelomalacia changes and to rule out complete spinal cord transection. Follow-up MRI was not feasible in this study due to practical problems, including nonavailability of MRI facilities in the institute where the study was carried out and the unwillingness of patients to repeat MRI after cell infusion. Hence, we assessed all the patients for improvement by manual muscle testing, HAI, and ASIA scale in the follow-up. Neurologic improvements were described as advancing ASIA scale. Therefore, small improvement without changes in ASIA scale could not be qualified. Further large group studies are required to compare the effects of this SCT. This study was performed in a limited number of patients. It is recommended that the therapeutic effects should be established in a more comprehensive multicenter study.

CONCLUSION {#sec1-5}
==========

Co-infusion of N-Ad-MSC and HSC in CSF is safe and viable therapeutic approach for SCI.
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